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Classic cadherins are cell adhesion molecules whose expression patterns are dynamically modulated in association with their diverse functions
during morphogenesis. The large size and complexity of cadherin loci have made it a challenge to investigate the organization of cis-regulatory
modules that control their spatiotemporal patterns of expression. Towards this end, we utilized bacterial artificial chromosomes (BACs) containing
the Cdh6 gene, a mouse type II classic cadherin, to systematically identify cis-regulatory modules that govern its expression. By inserting a lacZ
reporter gene into the Cdh6 BAC and generating a series of modified variants via homologous recombination or transposon insertions that have
been examined in transgenic mice, we identified an array of genomic regions that contribute to specific regulation of the gene. These regions span
∼350 kb of the locus between 161-kb upstream and 186-kb downstream of the Cdh6 transcription start site. Distinct modules independently
regulate compartmental expression (i.e. forebrain, hindbrain rhombomeres, and spinal cord) and/or cell lineage-specific expression patterns (i.e.
neural crest subpopulations such as Schwann cells) of Cdh6 at the early developmental stages. With respect to regulation of expression in neural
crest cells, we have found that distinct regions contribute to different aspects of expression and have identified a short 79-bp region that is
implicated in regulating expression in cells once they have emigrated from the neural tube. These results build a picture of the complex
organization of Cdh6 cis-regulatory modules and highlight the diverse inputs that contribute to its dynamic expression during early mouse
embryonic development.
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Classic cadherins are cell adhesion molecules that are core
elements of the rigid intracellular junctional complex called
adherence junctions. As many as 20 classic cadherin subclasses
have been identified in vertebrate model organisms and these
are assigned into two groups, type I and type II, based on
specific amino acid sequence similarities (Nollet et al., 2000).
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doi:10.1016/j.ydbio.2007.12.011cells, whereby cells that express molecules of the same cadherin
subclass have a tendency to form aggregates due to homotypic
interactions between the extracellular domains of the subclass
members (Nose et al., 1990; Patel et al., 2006). As a
consequence, in a mixed population, groups of cells expressing
a given cadherin subclass are capable of sorting from those
expressing different subclasses in in vitro assays (Nose et al.,
1988). Furthermore, quantitative differences in cadherin
expression have been shown to generate a driving force for
selective cell sorting, as cells that express a higher level of a
given cadherin subclass compared with their neighbors
segregate (Steinberg and Takeichi, 1994).
The developmental expression patterns and levels of classic
cadherins dynamically change in a manner well correlated with
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evidence have indicated that active changes in expression of
cadherins plays a crucial role in controlling the segregation and
movement of distinct cellular groups, thereby sculpting cellular
assembly during development. This is exemplified by the
process of neurulation and neural crest formation in vertebrates.
In the future neural plate ectoderm E-cadherin (an epithelial
cadherin) is specifically down-regulated, while N-cadherin (a
neural cadherin) is activated (Hatta and Takeichi, 1986). The N-
cadherin-positive neural plate rounds up and fuses at the dorsal
midline to form a tube which is segregated from the E-
cadherin-positive epithelial cell sheet that comprises the surface
ectoderm (Hatta and Takeichi, 1986). The initial population of
neural crest cells emigrating from the dorsal midline of the
neural tube also switch expression of cadherin subclasses, from
N-cadherin to cadherin-6B. Subsequently these migrating
neural crest cells come to express cadherin-7 in association
with a rapid down-regulation of cadherin-6B (Nakagawa and
Takeichi, 1995). Proper regulation of N-cadherin or cadherin-
6B is important for normal emigration of the neural crest cells
(Nakagawa and Takeichi, 1998) and segregation between the
surface ectoderm and neural tissue (Detrick et al., 1990;
Fujimori et al., 1990). In humans, many of cancers with
malignant and aggressive phenotypes tend to express abnor-
mally low levels of cadherins (Foty and Steinberg, 2004;
Takeichi, 1991) suggesting that modulation of cadherin
expression plays a pivotal role in the formation and metastasis
of tumors (Halbleib and Nelson, 2006; Redies, 2000; Takeichi,
1991, 1993). Hence, understanding the organization and
mechanisms associated with regulation of cadherin gene
expression in development and disease is an important problem.
Mouse Cadherin-6 (Cdh6) is a type II classic cadherin,
whose expression delineates subpopulations of the migrating
neural crest cells, as well as discrete rhombomeric segments in
the developing hindbrain (Inoue et al., 1997). This cadherin also
demarcates the lateral ganglionic eminence (lge), which is
neighbored by the R-cadherin-positive future cerebral cortex
(ctx) from embryonic day (E) 10.5 onward (Inoue et al., 1997,
2001). We have previously demonstrated that these two
adjoining telencephalic regions can be defined as lineage-
restricted cellular compartments and that ectopic expression of
Cdh6 around the ctx/lge compartment boundary at E10.5
resulted in abnormal sorting of cells between compartments
(Inoue et al., 2001). In contrast to these gain-of-function
experiments, we have shown that abnormal sorting in these
compartments is not observed in Cdh6 loss-of-function mutant
mouse embryos (Inoue et al., 2001). Together, these studies
suggest that differential expression of cadherin classes at the
interface between adjacent territories is responsible for the
sorting influences that maintain the ctx/lge compartment
boundary. At the later stages of neural development, restricted
groups of neuronal cells are found to express Cdh6 at the
synaptic junctions and these Cdh6-positive neurons appear to
constitute functional neuronal circuits (Suzuki et al., 1997;
Inoue et al., 1998). Many of these regulated domains of Cdh6
expression are tightly linked to developmental and/or functional
units of the nervous system, which provides a means of markingthe processes and elucidating the underlying molecular
mechanisms that serve to regionalize the nervous system.
Most cadherin loci occupy a considerably large region in the
genome (∼400 kb), which has made it extremely difficult to
investigate the nature and organization of cis-regulatory
modules for these genes. Past studies on transcriptional
regulation of cadherins have been primarily limited to type I
subclasses. Analyses have identified a few genomic segments
able to mediate P-cadherin/Cdh3 expression in cell lines (Hatta
and Takeichi, 1994), E-cadherin/Cdh1 expression in early
mouse embryos (Stemmler et al., 2003, 2005), and N-cadherin/
Cdh2 expression in the chicken nervous system (Matsumata et
al., 2005). In this study, we have utilized bacterial artificial
chromosomes (BACs) in combination with methodology that
permits efficient modification via homologous recombination
and/or random transposon insertions to generate an array of
reporter constructs, which allowed us to systematically screen
for cis-regulatory modules of the mouse Cdh6 gene scattered
over a large genomic section (∼0.4 Mb). Our analysis of
transgenic reporter mouse lines with these modified BACs
revealed an array of genomic regulatory segments located both
upstream and downstream of the Cdh6 transcription start site
that control distinct aspects of the restricted pattern of Cdh6
expression in development. These results provide important
insight into the spectrum of genetic elements and/or signals that
govern Cdh6 expression and provide a basis for comparing and
contrasting the architecture of regulatory modules in other
cadherin subclasses.
Materials and methods
Reporter constructs
To design our strategies for identifying the promoter and cis-regulatory
modules of the Cdh6 gene we first compared genomic and cDNA sequences
(Supplemental Fig. 1). We confirmed that the mouse Cdh6 gene on band qA1 of
chromosome 15 consists of 12 exons, with the most 5′ predicted exon
representing only untranslated DNA sequences positioned 81.5 kb upstream of
the ATG initiation codon in exon 2 (see Fig. 1A; Supplemental Figs. 1A–C).
This is in good agreement with the predicted organization of the human CDH6
locus (hg18; http://genome.ucsc.edu/), which has a non-coding exon 73.5 kb
upstream of the ATG codon in exon 2. By using the Genomatix program (http://
www.genomatix.de/), a putative transcription start site (TSS) is annotated in the
5′ territory of the small mouse and human exon 1 non-coding sequence. In
addition, by utilizing Genomatix prediction tools as well as the evolutionary
conserved region (ECR) browser (http://ecrbrowser.dcode.org/) linked by the
rVista 2.0 (http://rvista.decode.org/), promoter modules with a TATA box motif
and binding sites for conserved transcription factors essential to activate
promoter modules were found immediately upstream region of exon 1 (data not
shown). This analysis suggests that the region immediately upstream of exon 1
harbors the minimal gene promoter of mouse Cdh6 gene and we used this as a
basis in our regulatory analysis.
A 721-bp fragment upstream of the Cdh6 transcription start site (TSS), which
corresponds to the nucleotide positions 13118308–13119028 of mouse chromo-
some (chr) 15 from the mm8-Feb'06 assembly, was amplified by KOD
polymerase (TOYOBO, Japan)-mediated high-fidelity polymerase chain reaction
(PCR) with a forward primer containing an ApaI linker (720bpF: 5′-
ATATGGGCCCGCTTCTACACTCTCGGGGGC-3′) and a reverse one contain-
ing an NaeI linker (720bpR: 5′-ATATGCCGGCTTCTGCTCTGTGCTTCTTGC-
3′). As the template, a BAC clone RP23-190L12 that covers ∼75 kb of 5′
upstream territory of the Cdh6 TSS was utilized (CHORI, BACPAC Resources).
The PCR product was then digested at the underlined ApaI and NaeI linker sites
Fig. 1. Analyzing a 10-kb region upstream of Cdh6 gene transcription start site (TSS). (A) Genomic organization of mouse Cdh6 gene locus confirmed in this study is
shown. Short vertical lines indicate positions of exons along the genome. Appeared below is a reporter construct used in studying promoter modules of mouse Cdh6
that includes both 5′ territory of the TSS-exon and ∼10 kb upstream of Cdh6 TSS (construct #1). ATG, translation start site; LacZpA, a reporter cassette only
containing LacZ and SV40 polyA signal. (B) The 10-kb region upstream of Cdh6 TSS (positions in the mouse genome assembly Feb'06/mm8 are indicated above) is
compared to the dog (assembly May'05/canFam2) and human (assembly Mar'06/hg18) syntenic regions. Conservation rate between mouse and dog/human is plotted
by percentages and appearing in the figure is only the genomic regions with 50–100% conservation. Those with more than 70% sequence identity in contiguous 100 bp
windows of genomic sequence (colored by red) are further selected as evolutionary conserved regions (ECRs) with their territories being highlighted by pink bars.
Within the 10-kb region, 15 ECRs between mouse and dog and 17 ECRs between mouse and human were found with a similar distribution pattern. The 10 kb region is
then engineered to eliminate sets of ECRs, yielding nine LacZ reporter constructs as depicted (constructs #1–9). After transgenesis of these constructs, the reporter
expression was examined at E11.5 and the ratio of embryos with reproducible reporter expressions in differentiated neural crests over the total number of transgenic
embryos (LacZ+ in NC/Tg) is summarized in the right column.
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based vector containing the Escherichia coli β-galactosidase (LacZ) reporter gene
and Simian virus 40 (SV40) polyadenylation signal (pA) to generate the
Cdh6pro720bp-pZ40 construct (Construct #8 in Fig. 2A). Steps were validated by
sequencing (Supplemental Fig. 2A).
A 9866-bp fragment upstream of Cdh6 TSS (Chr15:13118308–13128173)
was isolated by using retrieval via homologous recombination (Lee et al., 2001).
Briefly, a 698-bp region located at the 5′ end of the 9866-bp fragment was PCR-
amplified by the KOD polymerase with a forward primer containing a KpnI
linker (9k-Kpn-700F: 5′-ATATGGTACCAAAGGAGGTGTGAGC-3′) and a
reverse primer containing an ApaI linker (9k-Apa-700R: 5′-ATATGGGCCCAT-
GAGGGCACATAAG-3′). The BAC clone RP23-190L12was again used as the
template. Both ends of the PCR product were pruned at the underlined KpnI and
ApaI linker sites and cloned into construct #8 which had been digested by KpnI
and ApaI, releasing the PCR product linked in tandem to the 721-bp promoter
region (Supplemental Fig. 2B). This construct was linearized by ApaI at the
joining point, purified by agarose gel electrophoresis and then electroporated
into the EL250 recombinogenic bacterial strain (see below) harboring the BAC
clone RP23-190L12. The transformants were incubated on LB-agar plate
containing 50 μg/ml ampicillin at 32 °C (Supplemental Fig. 2C). This allowedefficient selection of colonies in which the 9866 bp fragment was precisely
retrieved from the BAC into the reporter construct, generating the construct #1
(Supplemental Fig. 2C; in Figs. 1 and 4A).
For constructs #9 and #4 in Fig. 1B, construct #1 was digested either by BstEII
or KpnI, and each fragment containing the reporter cassette was self-ligated. For
constructs #2 and #3 in Fig. 1B, the 1.8-kb fragment upstream of theKpnI site was
amplified by PCR from construct #1 with primer sets designed to include
underlined KpnI linkers at both ends of the fragment (Cdh6proBst-F+Kpn: 5′-
GATCGGTACCTTTCATTATAATAGCACA-3′; Cdh6proKpn-R: 5′-
GCATGGGTACCCTGATTTTA-3′). The PCR product was then cloned into the
KpnI site of construct #4 in the forward (#2) or reverse (#3) direction. In order to
prepare constructs #5–7 in Fig. 1B, KOD-mediated PCR was performed using the
construct #1 as a template. For the forward primers, three regions were selected
(Cdh6pro-1.0kbF: 5′-ATATGGGCCCGTGTTTAAGACTTCTGCAGC-3′;
Cdh6pro-1.7kbF: 5′-ATATGGGCCCTCTGTCCTTTCTGCCAAAAA-3′;
Cdh6pro-2.2kbF: 5′-ATATGGGCCCTTTTAGAATAATATCCTGGG-3′), and
each was paired with the reverse primer 720bpR for amplifications. As for
constructs #6i, ii, iv and v in Fig. 3A, KODmediated PCRwas performed using the
construct #6 in Fig. 1B as a template. As for the forward primers, four regions were
selected to separate putative transcription factor binding motifs (Cdh6pro-1.7kb-
Fig. 2. Characterization of minimal promoter modules to recapitulate differentiated neural crest cell-specific expression of Cdh6 mRNA. (A, B) A transgenic embryo
with a 10-kb upstream region of Cdh6 TSS-LacZ reporter construct (construct #1) shows differentiated neural crest-specific LacZ expression, but no dorsal midline-
specific expression at E12.5. (C, D) The reporter expression within the branchial arch 1 commences at E10.5 (an arrow in panel D). (E, F) Comparison of Cdh6mRNA
distributions with LacZ positive domains in the transgenic embryo that harbors construct #1 at E12.5 on sections. At the section level e in panel A, ectomesenchymal
cells in the 1st branchial arch (br1) and nerve-associated Schwann cells (arrowheads) strongly express Cdh6 mRNA, while LacZ expression is confined to the
mesenchymal cell populations (E). At the section level f in panel A, trunk neural crest cells differentiating/migrating around the forelimb (FL) underneath the ectoderm
and Schwann cells (arrowheads) express Cdh6 mRNA, while the transgenic mouse carrying construct #1 only recapitulates expression in the former cell populations
(F). (G–R) Reporter expression patterns at around E11.5 after transgenesis of constructs #1–9. Note that transgenic embryos in the upper panels (H–L) recapitulate the
reporter expression pattern just like the embryo with construct #1 (G), whereas those in the lower panels (M–R) show no ordered pattern. Segment C in Fig. 1B sharing
2 ECRs with dog and 1 ECR with human genome is thus found critical for differentiated neural crest cell-specific expression of Cdh6.
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1.7kb-dHOX13-F: 5′-ATATGGGCCCACTGCAGGCATCTATCYCCT-3′;
Cdh6pro-1.7kb-dRP58-F: 5′-ATATGGGCCCGACCGTTCCACATACAATTC-
3′; Cdh6pro-1.7kb-dLEF1-F: 5′-ATATGGGCCCAGCTCTCTTGGGAAGAA-
GAC-3′), and each was again paired with the reverse primer 720bpR for
amplifications. The PCR product was digested at the underlined ApaI and NaeI
linker sites and was cloned into ApaI cohesive-XhoI blunt ends of the vector
containing LacZpA, respectively. Construct #6iii was prepared by adding a 150-bp
fragment to construct #6iv (Fig. 3A). For KODmediated amplification of the smallfragment, Cdh6pro-1.7kbF and Cdh6pro-SMAD-R (5′-ATATGGGCCCTTCCT-
CAGGTTGTAGACTTC-3′) primers were used and the PCR product was digested
at the underlined ApaI sites to clone into the ApaI site of construct #6iv.
Homologous recombination-mediated BAC modification
A recombinogenic bacterial strain EL250 (Lee et al., 2001) was used for all
homologous recombination-mediated BAC modifications. In this particular
strain, the RecA gene required for efficient recombination can be transiently
Fig. 3. Pinpointing a transcription factor binding motif for differentiated neural crest cell-specific expression of Cdh6. (A) The 1.7-kb region upstream of Cdh6 TSS
(positions in the mouse genome assembly mm8 are indicated above) is compared to the dog (canFam2) and human (hg18) syntenic regions with the same
parameters used in Fig. 1B. Putative transcription factor (TF) binding motifs in segment C highly conserved between human and mouse are shown by names or light
green asterisks (#1–7). Construct #6 in Fig. 1B is then engineered to eliminate sets of TF binding motifs, yielding five LacZ reporter constructs as depicted
(constructs #6i–v). After transgenesis of these constructs, the reporter expression was examined at around E11.5 and the ratio of embryos with reproducible reporter
expressions in differentiated neural crests over the total number of transgenic embryos (LacZ+ in NC/Tg) is summarized in the right column. (B–F) Reporter
expression patterns at around E11.5 after transgenesis of constructs #6i–v. Note that transgenic embryos in panels B and C recapitulate the reporter expression
pattern just like the embryo with construct #1 (Fig. 2G), whereas those in panels D–F show no ordered pattern. TF binding motif #3 (namely RP58- and TAL1-
related factors) is thus found critical for differentiated neural crest cell-specific expression of Cdh6.
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presence of arabinose (Lee et al., 2001). For in-frame replacement of the exon
containing the Cdh6 translation initiation codon (ATG) to the LacZpA cassette
in three BAC clones RP24-163N10, RP24-147E11 and RP23-78N21 (CHORI,
BACPAC Resources), homology arms each of which covers ∼1 kb upstream or
downstream territory from the ATG codon were first amplified by PCR (primers
for 5′ arm: 5′RI-F: 5′-TATAGAATTCCTCCCTGTCAGAGTT-3′ and 5′RV-R:
5′-TATAGATATCGCTGGCAAGGCAAGG-3′; primers for 3′ arm: 3′RV-F: 5′-
AAGATATCGGATGAAAGTGTAG-3′ and 3′Xho-R: 5′-AACTCGAGTTACT-
CAGGGATAT-3′; linkers were underlined; see details in Supplemental Fig. 2D)
and were sequentially cloned into the pBSII-SC vector, in which I-SceI, I-CeuI
and SwaI recognition sites were added to the multi-cloning site of the pBlue-
scriptII (Supplemental Fig. 2D). At the EcoRV site between the arms, the
LacZpA reporter cassette and the Kanamycin-resistant gene cassette (Kan-r)which was put in between the FRT sites, were further subcloned, yielded the
Rec:LacZ→Cdh6-ATG Neo vector (Supplemental Fig. 2E). For recombination,
this vector was digested by I-CeuI plus XhoI and the fragment containing the
reporter and Kan-r cassettes with homology arms was isolated by agarose gel
electrophoresis (Supplemental Figs. 2E, F). The EL250 strain transformed with
a BAC clone for modification was precultured in 50 ml of LB without antibiotics
at 32 °C until the OD600 reached to 0.5 and 15 ml of the culture was heat-
shocked at 42 °C for 15 min, while another 15 ml was maintained at 32 °C as the
control. Both cultures were placed on ice for 15 min, centrifuged, and swiftly
washed by ice-cold water to draw electro-competency for the control cells and
electro-competency with RecA activity for the heat-shocked cells. A few
hundred nanograms of the fragment isolated above was then electroporated into
the competent cells with the 1 mm gap cuvette by 1.8 kV (BioRad) and positive
selection was carried out at 32 °C on LB agar plate containing 12.5 μg/ml
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Fig. 2F). Usually, as many as 100 colonies made growth from the heat-shocked
cells, while few colony growth was observed from the control ones. BAC DNAs
were then prepared from these selected colonies and the recombination event
was rigorously checked by PCR with various sets of primers covering the
manipulated region of BACs (Supplemental Fig. 2F; 6HR-F: 5′-
TTTGGTGCAGTGAAAAGAGG-3′; 6HR-R: 5′-CTCAGCTTCTTGCTA-
CACTT-3′; SV40-F: 5′-CAATGTATCTTATCATGTCT-3′; Rec3′-R1: 5′-CATT-
TATAGTGGTAAATACG-3′). To excise the Kan-r cassette from the modified
BAC, arabinose was added to the log phase liquid culture of the clone with the
correct recombinant BAC at 0.1% v/v for 1 h at 32 °C to sufficiently induce
Flpe, and loss of Kan resistance was monitored on L-Kan plates. After preparing
BAC DNA, precise Kan-r excision was again confirmed by PCR (Supplemental
Fig. 2F), and BAC DNAwith right modification was finally electroporated into
the RecA minus DH10B strain.
Transposon-mediated BAC modification
To generate constructs #10 and #11 (Fig. 4A), we used the modified version
of Tn1000 that contains pBGZ40 cassette in the transposon (Morgan et al.,
1996) to insert a reporter gene into Cdh6 BACs RP24-88H4 or RP23-190L12.
Random insertions of the transposon into BACs were processed via mating
between bacterial strains as described previously (Morgan et al., 1996). Briefly,
the male strain MH1844, in which modified Tn1000 is resident on the sex factor
plasmid R388 (Morgan et al., 1996), was electroporated into colonies carrying
BAC clone RP24-88H4 or RP23-190L12. Then the transformed male strain was
mated with the Streptomycin (Strp) resistant female strain DH10B on LB agar
plate for 2 h at 37 °C and those females successfully received modified BAC
with single random transposon insertion from males were to be selected on LB
agar plate containing 100 μg/ml Strp and 12.5 μg/ml Cam at 37 °C. In order to
get rid of R388, we electroporated all resident DNAs from selected clones into
DH10B and clones only containing modified BAC were collected. Positions of
transposon insertion were then determined by direct sequencing of modified
BACs from both end of the integrated transposon (Delta: 5′-AGGGGAACT-
GAGAGCTCTA-3′; Gamma-beta globin-R: 5′-TCTGCCCTGACTTT-
TATGCC-3′).
Production and genotyping of transgenic mouse lines
Bacterial clones harboring plasmid reporter constructs or modified BACs
were propagated in 250 ml (for plasmids) or ∼1500 ml (for BACs) of liquid
culture and the circular form of plasmid/BACs was purified by CsCl density
gradient ultracentrifugation. All plasmid reporter constructs were linearized by
NotI, purified by electrophoresis in 0.7% LMP agarose gel, and diluted to
∼2 ng/μl in the plasmid injection buffer containing 10 mMTris–HCl pH 7.5 and
0.1 mM EDTA. Modified BACs were also linearized by PI-SceI, purified by
ethanol precipitation, and dialyzed on a filter membrane (Millipore
VMWP02500-pore size 0.05 μm) to the BAC injection buffer containing
10 mM Tris–HCl pH 7.5, 0.1 mM EDTA, 100 mM NaCl, 30 μM spermine
(tetrahydrochloride; Sigma S-1141) and 70 μM spermidine (trihydrochloride;
Sigma S-2501). Linearized BACs were diluted to∼2 ng/μl in the BAC injection
buffer with final evaluation of the quality and quantity by the conventional and/
or pulse field agarose gel electrophoresis.
All animal experiments in this study conform to U.S. and Japanese
governmental guidelines and have been approved by the IACUC Review
Committee for Animal Experimentation of the Stowers Institute for Medical
Research, USA (Project 2007-068), and by the Animal Care and Use Committee
of the National Institute of Neuroscience, Japan (Project 2007022). Transient
transgenic embryos or stable transgenic mouse lines were generated by
microinjection of purified plasmid/BACs DNA into pronuclei of fertilized
eggs derived from the superovulated B6C3F1 mouse strain (Charles River,
Japan or USA). Mice were kept under the strict light control timer with setting
at 8:00 a.m. ON to 8:00 p.m. OFF and superovulation was induced by
intraperitoneal injection of PMSG (Serotropin, ASKA, Japan) by the
10 international units (IU) at 3:00 p.m. on the day −3, followed by 10 IU
injection of hCG (Gonatropin, ASKA) intraperitoneally at noon on the day −1.
The day when the vaginal plug was found was regarded as E0.5 and the precise
developmental stage of embryos was decided according to Theiler (1972).For genotyping of the transgenic mice or embryos, tails or yolk sacs were
collected and treated with 100 μg/ml Proteinase K (Wako, Japan) at 55 °C for
several hours in the buffer solution containing 10 mM Tris pH 7.5, 100 mM
NaCl, 1 mMEDTA and 1% SDS. After heating at 95 °C for 5 min, these samples
were extracted once by phenol/chloroform and stored at −20 °C. To determine
their genotypes, PCR was performed with primer sets covering 3′ end of the
LacZpA reporter cassette (Supplemental Fig. 2F; LacZstop-F: 5′-CAAAAA-
TAATAATAACCGGGC-3′; SV40-R: 5′-AGACATGATAAGATACATTGA-
3′). For BAC transgenic organisms, presence of RP23/24 vector sequences
immediately upstream or downstream of the PI-SceI site was further examined
by PCR to minimize the possibility that fortuitous large deletions fell on the
BAC integrated into the chromosome (primer set I: PI-SceI-F: 5′-ACTTCGTA-
TAGTATACATTA-3′ and T7-R: 5′-TCCCTATAGTGAGTCGTATT-3′; primer
set II: pBAC-F1: 5′-ACAGCAGCAAAACGAAAAAT-3′ and pBAC-R1: 5′-
CTGAACGTTCTGATATGTTT-3′).
Whole-mount detection of β-galactosidase activities
Embryos were fixed in phosphate-buffered saline (PBS; pH 7.4) containing
1% paraformaldehyde, 0.1% glutaraldehyde, 2 mM MgCl2, 5 mM EGTA and
0.02% Igepal CA-630 (Sigma) for 20–40 min depending on the developmental
stages. After several washings by PBS containing 0.02% Igepal CA-630,
samples were put in the staining solution containing 5 mM K3Fe(CN)6, 5 mM
K4Fe(CN)6·3H2O, 2 mM MgCl2, 0.01% sodium deoxycholate, 0.02% Igepal
CA-630 and 0.1% X-gal (Wako, Japan) at 37 °C for 1–16 h depending on the
reporter copy number. Subsequently, samples were thoroughly washed in PBS
containing 0.02% Igepal CA-630, post-fixed in PBS containing 5 mM EDTA,
1% paraformaldehyde, 0.1% glutaraldehyde and 0.02% Igepal CA-630 at 4 °C
and stored in PBS containing 1 mM EDTA and 0.02% Igepal CA-630 at 4 °C.
Whole-mount images were taken under the binocular microscope equipped with
a CCD camera (Leica MZ8) and were printed out using a color video processor
(SCT-CP7000; Mitsubishi). For sectioning, embryos equilibrated by 20%
sucrose were embedded in TissueTek compound and 16-μm sections were
collected on MSA-coated slide glasses (Matsunami, Japan). After counter-
staining with Neutral Red (Wako, Japan), slides were serially immersed into
25%, 50%, 75%, and 100% ethanol, dipped twice into 100% xylene, air-dried
and finally mounted by HSR solution (Kokusai-Shiyaku, Japan). Images were
captured under the microscope equipped with a CCD camera (Zeiss Axiophoto).
In situ hybridization
Cryosections of mouse embryos were cut with 18 μm thickness and
collected on slides coated with VECTABOND reagent (Vector Laboratories).
Pretreatment, hybridization, and probe detection were then performed as
described previously (Inoue et al., 1998; Ishii et al., 2000). Whole-mount in situ
hybridization for mouse embryos was processed as reported (Inoue et al., 1997).
Results
Distinct regulation of Cdh6 in early and late phases of neural
crest cell formation
As a first step in screening for cis-regulatory elements we
tested a region 10 kb upstream of the putative Cdh6
transcription start site (TSS; Fig. 1A and Supplemental Fig.
1). By using homologous recombination mediated retrieval (Lee
et al., 2001), a 9866-bp fragment isolated from a BAC clone
covering this territory was linked to a reporter cassette
containing an E. coli β-galactosidase gene (LacZ) and the
SV40 poly adenylation signal (pA) (Supplemental Fig. 2C; see
also Materials and methods for details). After linearization by
NotI digestion and purification, this reporter construct (construct
#1, Figs. 1A and B) was injected into the pronuclei of fertilized
mouse eggs to establish four transgenic founders. While we did
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two lines generated a reproducible pattern of expression that
recapitulated a specific subset of the Cdh6 expression profile:
Initially, staining was observed in a subpopulation of the cranial
neural crest cells within the 1st branchial arch (br1) at E10.5,
and subsequently in neural crest cells in the trunk region from
E11.5 to E12.5 (Figs. 2A–D and G, Fig. 4B #1).
To show a relationship between reporter and endogenous
expression, we collected 16 μm sections from a stained
transgenic embryo at E12.5 and found that LacZ-positive cells
were located in the mesenchymal tissues of the br1 and trunk/
limb bud in positions that correlated with the Cdh6 mRNA
expression profiles (Figs. 2E and F; Inoue et al., 1997). The
location and number of LacZ expressing cells suggests that they
are differentiated subpopulations of the neural crest cells.
Reporter expression was not detected along the dorsal midline
where neural crest cells are initially formed, nor in the newly
emigrating neural crest cells that delaminate from the neural
tube at the developmental stages tested (Figs. 2B–D and G).
Hence, the transgene is only activated in later phases of neural
crest cell formation once they delaminate and migrate into more
lateral regions of the branchial arches. Since endogenous Cdh6
mRNA expression is observed along the dorsal midline and in
newly emerging cells in addition to the more lateral populations
of neural crest cells from E8.5 onwards (Inoue et al., 1997), the
expression of Cdh6 in neural crest cells must independently be
regulated over time and space and the ∼10-kb fragment in
construct #1 could simply contain regulatory modules that
control the expression in differentiated subpopulations of the
cranial and trunk neural crest cells.
Mapping the neural crest regulatory module to −1.7 kb and
−1.0 kb
We next sought to identify which region in the 10-kb fragment
upstream of the Cdh6 TSS is important for regulatory activity in
differentiated neural crest cell subpopulations at E11.5–12.5. As
a first step we searched for ECRs that might correlate with
regulatory potential by utilizing the ECR browser linked to the
rVista 2.0 bioinformatics tools. We made a three way comparison
among mouse, dog and human genomic sequences within the 10-
kb fragment and identified 17 ECRs (indicated by pink bars in
Fig. 1B) between human (assembly of Mar'06: hg18) and mouse
(mm8) and 15 ECRs between dog (assembly of May'05:
canFam2) and mouse (mm8) genomic sequences by using
parameters requiring more than 70% sequence identity in 100-bpFig. 4. A broad brush screening of regulatory modules required for functional unit-sp
Cdh6 locus at mouse chromosome (Chr) 15 qA1 is divided into ten segments (I∼X m
#10–14. Small digits indicate end positions of these BACs on mm8 and how these
exons being designated by short vertical lines. Rec, homologous recombination me
cassette with a human beta globin minimal promoter. (B) Several transgenic founders
at E8.0–E12.5 collected from a single founder line are arranged horizontally (#10–14
(Figs. 1 and 2) are shown at the bottom row of the figure for comparisons (#1). Th
transgenic founders is noted at the right most side of the figure (LacZ/Tg). Asterisks
spinal cord; open triangles, absence of expression around the primitive streak; bla
arrowheads, expression in the migrating cranial neural crest cells; small white arrowh
red arrowheads, expression in the apical ectodermal ridge; orange arrows, expressiowindows of genomic sequences (Fig. 1B). We then took advan-
tage of recognition sites for restriction enzymes BstEII and KpnI
to make reporter constructs containing various combinations of
ECRs within the 10-kb fragment and scored for regulatory
activity (Fig. 1B). LacZ reporter expression patterns were
assayed in the transgenic founder (F0) embryos or F1–F2
embryos from the established transgenic mouse lines. A 720-bp
fragment immediately upstream of the Cdh6 TSS (construct #8
in Fig. 1B) was found to lack regulatory activity (0/12; Figs. 2O
and P). Deletion of the most 3′ BstEII fragment (construct #9 in
Fig. 1B) abolished reporter expression in the neural crest
subpopulations, as no expression was detected in 14 transgenic
embryos (Figs. 2Q and R). In contrast, deletion of the 5′ half of
this BstEII region and all additional 5′ sequences adjacent to it
(construct #4 in Fig. 1B) had no effect on reporter activity, as 11/
20 embryos showed LacZ expression in a manner similar to that
directed by the entire 10-kb fragment (Fig. 2J). Hence, critical
control elements important for activity are positioned 3′ of the
KpnI site and 5′ of the 3′ BstEII site in the region.
To further narrow down the critical regions for regulatory
activity we focused our attention on the three ECRs between
human and mouse and four ECRs between dog and mouse in
this region. We prepared a deletion series to cover different sets
of ECRs by dividing the KpnI–BstEII territory into four
segments (A–D), in constructs #5–7, as shown in the Fig. 1B.
Transgenic analysis revealed that the 1.0-kb fragment upstream
of the Cdh6 TSS (construct #7, Fig. 1B) was not sufficient to
yield stable reporter expression in the F0 embryos, as 0/8
embryos showed LacZ expression in the neural crest cells (Figs.
2M and N). However, a 1.7-kb fragment (construct #6) was able
to mediate reporter staining in neural crest cells (2/6; Fig. 2L).
These results demonstrate that crucial regulatory modules for
the Cdh6 expression are positioned between −1.7 kb and
−1.0 kb, where the highly conserved segment C is located.
Segment C comprises almost an entire ECR between human and
mouse and two ECRs between dog and mouse (Fig. 1B). We
therefore concluded that the 1.7-kb fragment contained the
minimal sets of enhancer elements that in conjunction with the
Cdh6 basal promoter control an aspect of expression in
differentiated neural crest cells at later developmental stages.
Pinpointing a regulatory elements in neural crest cell-specific
expression of Cdh6
Segment C in Fig. 1B contains seven transcription factor
(TF) binding motifs highly conserved between human andecific expression of Cdh6 at E8.0–E12.5. (A) A large genomic section adjoining
arked by different colors) by differential coverage of modified BAC constructs
clones are modified is specified. Cdh6 gene organization is also shown with its
diated modification; Tn, transposon mediated modification; BGZ40, a reporter
are established from each construct and representative LacZ expression patterns
). In addition, developmental changes of LacZ expression pattern in the 10 kb Tg
e ratio of embryos exhibiting these patterns at E12.5 over the total number of
, expression in the forebrain; brackets, expression in the posterior hindbrain and
ck triangles, presence of expression around the primitive streak; small black
eads, expression in the rhombomere 6; black arrow, expression in the endoderm;
n around the branchial arches. See text for further details.
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asterisks #1–7 in Fig. 3A). We additionally designed five
reporter constructs from the construct #6 to determine if these
TF binding motifs participate in the regulation of the neural
crest-specific expression in the br1 and trunk region (constructs
#6i–v in Fig. 3A). We found that reporter constructs #6i and
#6ii recapitulate the neural crest-specific expression mediated
by the wild type fragment (Figs. 3B and C) while constructs
#6iii–v failed to display reporter expression in the neural crest
cell populations at around E11.5 (Figs. 3D–F). These results
indicate that a 79-bp region covering TF binding motif #3,
which is included in construct #6ii but not in constructs #6iii
and iv (Fig. 3A), is necessary for mediating reporter expression
in the neural crest derivatives within the br1 and trunk region.
Motif #3 comprises the putative binding sites for RP58- and
TAL1-related factors (Fig. 3A) suggesting that these could be
direct regulators of Cdh6 expression in later migrating and/or
differentiating neural crest subpopulations.
Generation of modified BAC clones with LacZ reporter
cassettes to screen the Cdh6 locus for other regulatory
activities
To investigate the basis for regulation of Cdh6 expression in
early phases of neural crest formation and other tissues, such as
the developing neural tube and differentiated Schwann cells, we
expanded analyses by testing the regulatory potential of five
BAC clones with differential coverage of mouse Cdh6 locus
(Fig. 4). By using homologous recombination approaches, we
first made an in-frame fusion of a LacZ-pA cassette into exon 2
containing the ATG translation start codon of Cdh6 for three
BAC clones (i.e. RP24-163N10, RP24-147E11 and RP23-
78N21; constructs #12, #13 and #14 in Fig. 4A; Supplemental
Fig. 2). We selected these BAC clones because each of them
held both TSS with minimal promoter modules (i.e. exon 1 and
the upstream; see above) and ATG exon (exon 2). This type of
reporter construct maximizes the endogenous configuration of
regulatory elements from the locus, with the expectation that
transcripts from the modified BACs will be terminated at the
poly adenylation site in the reporter, as the splice donor site of
exon 2 is disrupted (Supplemental Fig. 2F).
To complement the modification by recombineering, we also
used a transposon-based approach (Morgan et al., 1996) to
make reporter constructs (constructs #10 and #11 in Fig. 4).
This method employed random insertion of a transposon
carrying a LacZ reporter gene under the control of human β-
globin minimal promoter (Tn:BGZ40 in Fig. 4A) into two BAC
clones (i.e. RP24-88H4 and RP23-190L12). In this system,
only one copy of the Tn1000-derived transposon is randomly
integrated into a BAC clone, and maintained at single copy
levels in a bacterial cell. Precise position of the insertion site is
determined by direct sequencing from both ends of the
integrated transposon. Through this type of BAC modification,
the reporter cassette functions as an enhancer trap capturing
regulatory potential of regions contained in the BAC to direct
reporter expression from the minimal promoter. In our
experience and in other published work, the position of atransposon insertion in the same BAC clone made little
difference with respect to the pattern of reporter expression in
transgenic analysis (Spitz et al., 2003; our data not shown). This
indicates that the reporter is generally able to consistently
integrate regulatory information from the entire BAC indepen-
dent of its position in the construct.
For analysis, modified BAC clones were linearized by PI-
SceI, purified and microinjected into the pronuclei of fertilized
mouse eggs to establish several stable transgenic founders (F0).
Analysis of F1–F2 embryos from any given modified BAC
clone yielded very similar patterns of reporter expression. For
example, with BAC construct #14, we generated seven PCR-
positive transgenic founders and found that six of them had
identical patterns of reporter staining, whereas the seventh
displayed no reporter expression (data not shown). This
demonstrated that position effects at the site of integration
have minimal influence on expression directed from the BAC
and illustrate the value of this approach for evaluating
regulatory elements encompassed in large regions of DNA
contained in BACs.
By comparing the expression pattern of the LacZ reporter
between each of the five BAC clones spanning the Cdh6 locus
we noted distinct differences. For instance, BAC transgenic
mouse lines carrying constructs #10 and #11 displayed staining
in the trunk neural tube that was confined to the ventral and
dorsal midline cells at E9.5 (Fig. 4B #10 and #11 at E9.5). In
contrast, transgenic lines for constructs #12–14 displayed more
uniform expression along the spinal cord, with a sharp boundary
in the caudal hindbrain and a posterior boundary near the
hindlimb bud at E9.5 (Fig. 4B #12–14 at E9.5). The differences
in coverage of the locus in the respective BACs reveal a
segregation of distinct regulatory regions for specific aspects of
the expression pattern. We thus performed a detailed analysis of
the patterns in each BAC transgenic line and compared the
patterns between lines to build a picture of the different
regulatory activities and their positions within the locus.
Identification regulatory regions and their regulatory potential
By using the different end points of the BAC constructs in
this study, we are able to logistically divide the genomic region
of Cdh6 into 10 segments (I to X) based on the coverage
variation between BAC clones (Fig. 4A). We performed a
detailed analysis of the timing, tissue and cell type-specific
patterns of reporter staining for each line and compared them
between different constructs to correlate specific differences in
expression patterns with the respective regions. Below and Figs.
6A–C is the summary of this analysis classified for the
respective tissue where expression was detected.
Early endoderm
Strong endogenous Cdh6 expression is observed within the
endodermal cell populations at the 0-somite stage of mouse
embryos and is maintained at E9.5 (Inoue et al., 1997). The
BAC transgenic line carrying construct #10 partially recapitu-
lates this pattern from E8.0 to E9.5 (an arrow in Fig. 4B, #10 at
E8.5). In contrast, lines carrying construct #11 yielded very
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anterior ridge of the endoderm at E8.0. This expression was
down-regulated and undetectable by E8.5 (Fig. 4B#11). BAC
transgenic lines carrying constructs #12–14 showed no reporter
expression in the endodermal cells at any developmental stages
tested. Hence, aspects of early endoderm-specific expression of
Cdh6 appear to be regulated by modules within segment I,
defined by the 5′ flanking region present in construct #10 and
not #11 (Figs. 4A and 6A and B).
Early forebrain
In a previous study, we have shown that the early mouse
forebrain is defined as a lineage-restricted cellular compartment
at the 5-somite stage and that the onset of Cdh6 expression in
forebrain coincides with establishment of this compartment
(Inoue et al., 2000; Fig. 6B). We therefore examined reporterexpression profiles in the early forebrain for BAC transgenic
lines carrying constructs #10–14 to determine if elements
directing this pattern are present. As shown in Fig. 4B, strong
reporter expression within the forebrain compartment was
detected only in BAC transgenic mouse lines carrying
constructs #10 and #11 (Fig. 4B). The initial onset of this
domain is observed around the 5-somite stage (black asterisks in
Fig. 4B #10 and #11). This indicates that segment II contains
cis-elements capable of mediating both temporally and spatially
restricted expression of Cdh6 in the forebrain compartment
(Fig. 6A).
Domains of the hindbrain and spinal cord
Endogenous expression of Cdh6 in the hindbrain and spinal
cord are highly dynamic during mouse early development
(Inoue et al., 1997). At the 5-somite stage, all neuroepithelial
cells along the dorso-ventral axis of the posterior hindbrain and
the whole spinal cord expressed Cdh6 with a sharp anterior
limit at the level of rhombomere (r) 5 (Inoue et al., 1997; Fig.
6B). Subsequently, expression in the spinal cord was rapidly
down regulated except for those cells in the dorsal and ventral
midlines (Inoue et al., 1997). In the hindbrain, only cells within
r6 retained expression at E8.5 and this expression was
diminished by E9.5 (Inoue et al., 1997). By E11.5, subsets of
motor neurons in the spinal cord came to express Cdh6, and
these cells together with cells in the floor plate sustained intense
mRNA expression at E15.0 (Inoue et al., 1997).
In all BAC transgenic lines carrying constructs #10–14,
reporter expression in the posterior hindbrain/spinal cord was
detected at ∼E8.5 (brackets in Fig. 4B #10–14 at E8.0).
However, there was a rapid down-regulation of reporter staining
within r7 and spinal cord at E9.0 mirroring that of endogenous
Cdh6 expression only in lines carrying constructs #10 and #11.
As a consequence, in these lines, we observed reporter staining in
r6 at E8.5 (white arrowheads in Fig. 4B #10 and #11 at E8.5). InFig. 5. Neural crest subpopulation and motor neuron/floor plate-specific
expressions of Cdh6 are differentially recapitulated in each BAC transgenic
mouse line established. (Left column) LacZ expression patterns in BAC
transgenic mouse lines carrying constructs #10–14 at E12.5 are compared from
the lateral sides. Note that nerve-associated Schwann cells are stained in lines
carrying constructs #10 and #11 (black arrowheads) but not in lines carrying
constructs #12–14. Black arrows indicate positions of the dorsal edge of dorsal
root ganglia and open triangles do the lateral edge. (Middle column) LacZ
expression patterns in BAC transgenic mouse lines carrying constructs #10–14
at E12.5 are evaluated from the dorsal sides. Note that all BAC transgenic lines
show intense reporter expression within the dorsal midline cells (refer to Fig. 2B
where no dorsal midline-specific expression is observed). Black arrows,
positions of the dorsal edge of dorsal root ganglia; open triangles, positions of
the lateral edge of dorsal root ganglia. (Right column) BAC transgenic embryos
after LacZ staining are sliced transversely at the trunk region and the posterior
surfaces are arranged. Note that only line carrying construct #10 yields
expression in the motor neuron (mn) and floor plate (fp). Cells at the roof plate
(rp) also express LacZ in all lines, yet the emigrating neural crest cells
immediately cease to express the reporter in lines carrying constructs #12–14 if
compared with lines carrying constructs #10 and #11 (bidirectional white
arrows). As for the satellite glia in the dorsal root ganglia, the dorsal edge is
demarcated in lines with constructs #10 and #11 (black arrows), while the lateral
edge is delineated in lines with constructs #12–14 (open triangles). Schwann
cell-specific expressions in line with constructs #10 and #11 are again indicated
by black arrowheads.
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expression boundary shift and its shift from r5 to r6 at E8.0–E8.5
but not the down-regulation in other domains (Fig. 4B #12–14 at
E8.0 and E8.5). These results indicate that segment II includes
modules essential to down-regulate Cdh6 reporter expression in
the posterior hindbrain/spinal cord (Fig. 6A-(2)).
The genomic sequences required for activation of the
posterior hindbrain/spinal cord-specific expression reside in
segments V and/or VI. To further distinguish between these
segments we compared these patterns with the results obtained
using the construct containing the 10-kb upstream region
(segment V; construct #1). We detected no neural expression
from this fragment (Fig. 4B #1) indicating that genomic
segment VI alone or in combination with segment V is
important for the initial neural activation of expression. In the
floor plate cells, all BAC transgenic lines showed moderate
levels of reporter expression at E8.5–E9.5, suggesting that
segment VI or V+VI could also be critical for expression in
these cells (Fig. 6A-FP). At E12.5, however, only BAC
transgenic line carrying construct #10 maintained the intensive
expression along the floor plate cells (Fig. 5 #10), implicating
segment I may have a role to sustain the floor plate-specific
expression of Cdh6 at E12.5 onward (Fig. 6A-FP).
In the trunk motor column, we detected moderate levels of
reporter expression between E10.5 to E11.5 and motor nerves
were contiguously stained in all BAC transgenic mouse lines
carrying constructs #10–14 but not construct #1. Thus segment
VI or V+VI appears to be involved in mediating motor neuron
subset-specific expression of Cdh6 (Fig. 6A-MN). At E12.5,
only the line carrying construct #10 retained moderate
expression within the motor column (Fig. 5 #10), indicating
that segment I may also be required for maintenance of motor
neuron-specific expression E12.5 (Fig. 6A-MN). The cranial
motor neurons and nerves (e.g. the bow-shaped vagus nerve at
E10.5–11.5 in Fig. 4B #10–14) also expressed reporter at E10.5
in all BAC transgenic lines, yet the expression was undetectable
by E12.5 (data not shown).
Neural crest cell derivatives
Cdh6 is dynamically expressed in the neural crest cell
lineage from formation to migration and differentiation of sub-Fig. 6. Distinct modes of Cdh6 transcriptional regulations during development. (A) G
scale to Fig. 4A and those genomic segments positively control Cdh6 expression are
expressions are further specified to each square. Circles 1–5 indicate positions of E
genomic segments are synergistically needed to hold Cdh6mRNA at a proper level. N
of Cdh6 at around E9.5, while other activities are continuously required to countera
stage to demarcate distinct population of cells in the thalamic nuclei and the neocorte
required for spatio-temporally regulated expressions of Cdh6. AER, anterior ectode
root ganglia; FB, forebrain; FP, floor plate; hb, hindbrain; mb, midbrain; MN, motor
somatosensory cortex); r, rhombomere; RP, roof plate; Rt, reticular thalamic nucleus
example of distinct transcriptional regulations of Cdh6 expression along developmen
neural crest cells from the midbrain, SC, anterior ridge of endodermal cells and ce
painted by the colors designated for genomic segments. Note that each development
anterior–posterior axis; D–V, dorsal–ventral axis. (C) Spatiotemporally distinct regu
paintings are performed like panel B. Note that separable roles of segment II, V, V
transcription factor (TF) binding sites that might control Cdh6 mRNA expression are
belongs, while column “vs” indicates species whose sequences are compared to mouse
the Cdh6 locus. RP58 is colored as value of this binding motif was experimentallypopulations in such cells as satellite glial cells and Schwann
cells (Inoue et al., 1997, 2000). In our BAC transgenic lines
carrying constructs #10 and #11, the neural ridge cells at the
level of the midbrain and r2, r4 and r6 in the hindbrain
expressed the reporter at E8.0. Emigrating cranial neural crest
cells from these regions appeared to maintain the expression at
E8.5–E9.5 (Black arrowheads in Fig. 4B #10 and #11 at E8.5
and E9.5. At ∼E10.5, the forming dorsal root ganglia strongly,
yet transiently expressed the reporter (Fig. 4B #10 and #11 at
E10.5) and by E11.5, reporter expression in these two lines
became confined mainly to differentiated Schwann cell
populations (Fig. 4B #10 and #11 at E11.5–E12.5; Black
arrowheads in Fig 5 #10 and #11). Specific expression in
satellite glial cells in the cranial ganglia, dorsal root ganglia
and sympathetic ganglia was also observed in these two lines at
around E11.5. Collectively these patterns of reporter expres-
sion mirror those of the endogenous gene. We observed
reporter staining in other populations of the neural crest
derivatives in br1 and the trunk and this pattern was similar to
that found in the transgenic mouse line carrying construct #1
(compare the positive cells in Fig. 4B #10, #11 and #1 at
E12.5).
In contrast, BAC transgenic lines carrying constructs #12–
14 displayed no reporter expression in cells at the midbrain/
hindbrain neural ridge at E8.0 or in the early emigrating cranial
neural crest cells at E8.5–E9.5. The only detectable expression
in neural crest derivatives observed in these three lines was that
seen at E11.5, in the differentiated neural crest subpopulations
which we observed using the 10-kb segment V construct #1. In
addition, the roof plate cells, some of the satellite glial cells in
the cranial ganglia, dorsal root ganglia and sympathetic ganglia
displayed moderate levels of reporter expression from E10.5 to
E12.5 (Fig. 4B and Fig. 5). It is interesting that there is an
immediate down regulation of the reporter expression in early
migrating trunk neural crest cells in lines carrying constructs
#12–14, while considerable number of cells continue to express
the reporter after the emigration in lines carrying constructs #10
and #11 (bidirectional white arrows in Fig. 5). Elements
involved in maintaining early expression in the trunk neural
crest cells must therefore reside in segment II. Additionally,
satellite glial cells in the dorsal root ganglia appeared to beenomic segments I–X along with Cdh6 gene organization are shown in a similar
marked by squares with designated colors. Confined areas and stages for Cdh6
CRs listed in panel D. (1)–(5) At least five repression activities from separable
ote that the activity (2) transiently suppresses the spinal cord-specific expression
ct variety of expressions. Additional segments are set in motion at the postnatal
x, a mammal-specific brain region. Collectively, discrete genomic segments are
rmal ridge; AV, anteroventral thalamic nucleus; br, branchial arch; DRG, dorsal
neuron; NC, neural crest cells; NR, neural ridge; Par1, parietal area 1 (primary
; SC, spinal cord; sg, satellite glia; VP, ventroposterior thalamic nucleus. (B) An
tal units. (Top) At E8.0, Cdh6 mRNA delineates FB, NR of mb/hb, r5, migrating
lls around the primitive streak. (Bottom) Cdh6 mRNA expression domains are
al unit is independently controlled, constituting a regulatory compartment. A–P,
latory machinery for neural crest sublineage-specific expression of Cdh6. Tissue
I and VII in the gene transcriptional regulation. (D) Five ECRs with putative
listed (circles 1–5). Column “Seg” denotes segment number to which each ECR
ones. c, chicken; h, human. ECRs and TF binding sites are ordered as they are in
confirmed in this study (Fig. 3). See text for further details.
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constructs #10 and #11 marked the dorsal edge (indicated by
arrows in Fig. 5), while lines carrying constructs #12–14
marked the lateral edge of the ganglia (indicated by open
triangles in Fig. 5). Finally, distinct cell populations of the
surface ectoderm surrounding the posterior cranial branchialarches transiently showed intense reporter activities at E9.5–
E10.5 in lines carrying constructs #12–14 (orange arrows in
Fig. 4B #12–14 at E9.5–E10.5), while Cdh6mRNA expression
in these cells was under the detection level.
From these observations, we deduce that genomic segment II
contains enhancer modules capable of directing expression in
518 T. Inoue et al. / Developmental Biology 315 (2008) 506–520early emigrating cranial neural crest, as well as differentiated
Schwann cells (Figs. 6A and C). Segment II also controls
activation of reporter expression at the neural ridge in the
midbrain and hindbrain (r2, r4 and r6), because only BAC
transgenic lines carrying constructs #10 and #11 recapitulated
this expression domain (Figs. 6A and C). In contrast, reporter
activity in the dorsal midline/roof plate in the spinal cord, which
generates the trunk neural crest cells, does not require this
region as it is detected in all BAC transgenic lines (Fig. 5 #10–
14). Segment VI contains regulatory elements capable of
directing expression in the roof plate of the spinal cord (Fig. 6A-
RP), satellite glial cells within the cranial ganglia, dorsal root
ganglia and sympathetic ganglia by E12.0 (Fig. 6A-sg). As
described in the previous section, segment V (construct #1)
containing the 10-kb upstream of the Cdh6 TSS harbors
elements capable of mediating expression in differentiated
neural crest cells in the br1 and trunk (Fig. 6A – differentiated
NC in br1 and trunk). As for reporter staining in the cranial
neural crest derivatives in the second branchial arch (br2), all
BAC transgenic lines carrying #12–14, but not the reporter line
carrying construct #1, showed some level of expression
suggesting that segment VII (covered by constructs #12–14)
mediates this expression in combination with negative input
from region II (Fig. 6A–(5)). Similar repressive transcriptional
regulation could take place for cells in the surface ectoderm of
anterior branchial arches (Fig. 6A–(3)) as the reporter is also
expressed in these cell populations.
Taken together, our results illustrate that regulation of the
dynamic expression of Cdh6 in the neural crest cell lineage
involves the complex interplay of a large number of regulatory
modules contained in segments II, V, VI and VII (Figs. 6A and
C). Induction, formation, migration and differentiation of neural
crest cells is itself a complex process involving many different
pathways so it appears that distinct regulatory modules are
serving to coordinate separate aspects of Cdh6 expression in
these steps.
Primitive streak
Cdh6 expression is detected in regions of the primitive streak
(Fig. 6B; Inoue et al., 1997). This expression pattern was partly
recapitulated at E8.0–8.5 in the BAC transgenic lines carrying
constructs #12–14 (black triangles in Fig. 4B #12–#14 at E8.0
and E8.5). Since BAC transgenic lines carrying constructs #10
and #11 and the plasmid line harboring construct #1 did not
show any expression in the primitive streak at E8.0–8.5 (open
triangles in Fig. 4B #10, #11 and #1 at E8.0 and E8.5), we
suggest that segment VII contains modules that direct primitive
streak (Fig. 6A) and that segment II contains an activity that
represses or down-regulates this activity (Fig. 6A–(1)).
Additional regions may be required in the locus to potentiate
primitive streak-specific expression in combination with these
regions.
Cells in the limb bud
Low levels of endogenous Cdh6 expression are present
within the limb bud primordium at E9.5 and a group of cells in
the interdigital mesenchyme at E12.5 (Inoue et al., 1997). InBAC transgenic lines carrying constructs #11–14, strong
reporter activity was detected within the presumptive limb
bud region at E9.5 and the apical ectodermal ridge (AER)
maintained this intense activity by E12.5 (red arrowheads in
Fig. 4B #11–14 at E9.5–E12.5). Mesenchymal cells within the
limb bud also expressed the reporter at E10.5–12.5 in these
lines. In contrast, a line harboring construct #10 showed little
expression in the AER and mesenchymal cells at E11.5–12.5.
These observations imply that segment VII contains the
potential to direct limb bud/AER-specific expression (Fig. 6A).
Discussion
In this study, we have used BAC reporter constructs in
transgenic mice to scan the locus and identified regions of the
Cdh6 locus that contain cis-regulatory modules and elements
involved in spatiotemporally restricted expression patterns of
Cdh6 in the early mouse embryos. We have uncovered a
complex regulatory architecture dependent upon a diverse array
of segments scattered over a ∼0.4-Mb range of the locus which
are implicated in transcriptional regulation. Our findings
provide important insight into how aspects of Cdh6 is achieved
and are relevant to understanding the pivotal role cadherins play
in animal morphogenesis through their modulating selective
adhesiveness.
BACs and the mapping the basis for gene regulation
In light of the large size of the Cdh6 locus, it is difficult to
define cis-regulatory components by simple phylogenetic
footprinting in combination with transgenic reporter analysis
of small genomic regions. Therefore we employed an approach
that scanned the regulatory potential for large regions of the
locus to begin to outline the organization of its regulatory
modules. By using BAC reporter lines and means of modifying
their composition, we uncovered a complex regulatory
architecture that participates in generating the diverse patterns
of Cdh6 expression (summarized in Figs. 6A–C). Linking the
respective regions with specific patterns of expression now
provides a future basis for comparing ECRs and a detailed
profiling of the cis-regulatory sites that are mechanistically
involved in directing these patterns of reporter staining. One
complication in this approach is that the cadherin gene family is
fairly diverged among vertebrate species with respect to
expression patterns. For instance, the chicken homologue of
Cdh6, Cad6B mRNA expression is not detected in the
emigrating neural crest cells and rhombomeres (Nakagawa
and Takeichi, 1995). Cdh6 also shows unique expression
profiles within the postnatal cerebral neocortex, a mammal-
specific brain region (Suzuki et al., 1997; Inoue et al., 1998).
Hence, key aspects of the expression patterns are unlikely to be
conserved in all vertebrates. By using bioinformatics tools in the
ECR browser, we noticed that only a limited number of ECRs
were observed in Cdh6 when mouse sequences are compared
with non-mammalian genomes, such as fugu, zebrafish and
chicken (data not shown). In contrast, by taking advantage of
BAC-based analytic paradigms for gene regulatory regions
519T. Inoue et al. / Developmental Biology 315 (2008) 506–520(Morgan et al., 1996; Spitz et al., 2003; Mortlock et al., 2003;
Jeong et al., 2006), we successfully identified the potential of
segments III, IV and VIII for thalamic subnuclei-specific
expression of Cdh6 at postnatal day (P) 2 (Fig. 6A-VP early,
Rt and AV, respectively; T.I. manuscript in preparation).
Additionally, we found segment X to be critical for the
neocortical area/layer-specific expression of Cdh6 at P2, which
might embrace genetic control machineries exclusive to
mammals (Fig. 6A–Par1 Layer IV; T.I. manuscript in
preparation).
Cdh6 regulation in neural crest cells
In the present study, we identified several genomic segments
required for restricted expression of mouse Cdh6 during early
development. These segments contain multiple binding motifs
for transcription factors and the challenge ahead will be to
identify the mechanistic basis of the regulatory activity.
Regulation of neural crest cell-specific expression represents a
good example of the regulatory complexity.
We demonstrated that distinct genomic segments II, V, VI
and VII participate separately in control of the timing and
subset-specific expression of Cdh6 in the neural crest lineage
(Figs. 6A and C). It has been shown that signaling molecules
such as Wnt, BMP and FGF play crucial roles in induction of
the neural crest cells at the neural ridge (reviewed in Meulemans
and Bronner-Fraser, 2004). These signals activate expression of
the neural plate border specifiers, such as Zic, Pax3/7, Dlx5 and
Msx1/2 followed by neural crest cell specifiers, such as Snail/
Slug, Id, FoxD3, Twist, c-Myc, Sox9/10 (Group D/E), and AP-
2 (Meulemans and Bronner-Fraser, 2004). Most recently, E-box
motifs clustered upstream and downstream of Cad6B exon 2
have been shown to be the sites for Snail binding, thereby
repressing Cad6B expression during epithelial-to-mesenchymal
transitions of the chicken neural crest (Taneyhill et al., 2007).
Our analyses are consistent with the idea that such regulatory
machineries are integrated into the neural crest sublineage-
specific expression of mouse Cdh6. For instance, a SOX5
(Group D) binding motif located in an ECR of segment VI is
shared between chick and mouse (Figs. 6A, C and D). In view
of the dorsal midline-specific expression of cadherin-6B
(Cad6B) in chicken embryo, SOX genes may play a conserved
role in the dorsal midline-specific expression of Cdh6. For
Schwann cell-specific expression of Cdh6, we found that SOX9
(Group E) or SOX9-OCT binding motifs in segment II-ECRs
shared between human and mouse could stand as high-scored
candidate elements (Figs. 6A, C and D). In segment V, we
experimentally demonstrated that a 79-bp territory covering one
rigid binding motif of RP58 or TAL1 related factors is necessary
for Cdh6 expression in a subset of differentiated neural crest
cell at around E11.5 (Figs. 3A–D and 6A, C and D). RP58 is a
novel zinc finger transcriptional repressor and its expression
patterns are well characterized in the mouse central nervous
system (CNS; Ohtaka-Maruyama et al., 2007). While Ohtaka-
Maruyama and others did not comment on RP58 expression in
the neural crest lineage, we noticed in their data that expression
domain of this transcription factor in the cranial mesenchymeappears to include Cdh6-positive cell populations, implicating
direct regulation of Cdh6 by RP58 in the differentiated neural
crest cells. However no detailed expression profile has been
examined yet for RP58 or TAL1 related factors in the neural
crest lineage. It will therefore be essential to investigate how
these elements and the potential inputs of these transcription
factors contribute to subpopulation-specific expression of Cdh6
in neural crest induction, specification, emigration and
differentiation.
Conclusion
In the present study, we have begun to build a picture of the
cis-regulatory architecture of the mouse Cdh6 locus and
compared it with other cadherin genes. Besides the intricate
regulatory machinery determining lineage specificity in neural
crests (Fig. 6C), Fig. 6D summarizes other key sites in
regulatory fragments that present a focus for future studies in
understanding the CNS and primitive streak-specific expression
of Cdh6. This work will serve as a basis for defining the precise
cis-elements and signals that mediate the diverse regulatory
activities. Furthermore, the reporter expression of the transgenic
mouse lines generated in this study will provide a useful marker
for specific aspects of endogenous Cdh6 expression domains
during early development. This will be good help in approaches
for tracing, isolating, grafting and/or ablating functional group
of cells during development.
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